Hepatitis C virus NS3-4A is a membrane-bound enzyme complex that exhibits serine protease, RNA helicase, and RNA-stimulated ATPase activities. This enzyme complex is essential for viral genome replication and has been recently implicated in virus particle assembly. To help clarify the role of NS4A in these processes, we conducted alanine scanning mutagenesis on the C-terminal acidic domain of NS4A in the context of a chimeric genotype 2a reporter virus. Of 13 mutants tested, two (Y45A and F48A) had severe defects in replication, while seven (K41A, L44A, D49A, E50A, M51A, E52A, and E53A) efficiently replicated but had severe defects in virus particle assembly. Multiple strategies were used to identify second-site mutations that suppressed these NS4A defects. The replication defect of NS4A F48A was partially suppressed by mutation of NS4B I7F, indicating that a genetic interaction between NS4A and NS4B contributes to RNA replication. Furthermore, the virus assembly defect of NS4A K41A was suppressed by NS3 Q221L, a mutation previously implicated in overcoming other virus assembly defects. We therefore examined the known enzymatic activities of wild-type or mutant forms of NS3-4A but did not detect specific defects in the mutants. Taken together, our data reveal interactions between NS4A and NS4B that control genome replication and between NS3 and NS4A that control virus assembly.
Hepatitis C virus (HCV) is an enveloped, positive-strand RNA virus classified within the genus Hepacivirus in the family
Flaviviridae (21) . The nonsegmented HCV genome is 9.6-kb and encodes a long polyprotein that is cleaved by cellular and viral proteases into at least 10 distinct products (47, 54) . The N-terminal region of this polyprotein encodes the viral structural proteins: core and two envelope glycoproteins, E1 and E2. The remainder of the polyprotein encodes nonstructural (NS) proteins: p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B. Together, the NS proteins regulate intracellular aspects of the viral life cycle, including RNA replication, virus assembly, and viral subversion of host antiviral responses.
NS3-4A is an essential enzyme complex of the viral replication machinery and a major target for HCV-specific drug development. The N-terminal domain of NS3 encodes a chymotrypsin-like serine protease that requires NS4A for full activity and is responsible for the cleavage of the NS3/4A, NS4A/4B, NS4B/5A, and NS5A/5B junctions (47) . In addition, the NS3-4A serine protease antagonizes host innate antiviral responses by cleaving the cellular messenger IPS-1 (also known as MAVS, Cardif, and VISA) (43, 44, 49, 53) . The C-terminal region of NS3 encodes a superfamily 2 helicase/NTPase domain, which is essential for virus genome replication (36, 41) . The serine protease and RNA helicase activities are coordinated, such that the helicase domain can influence the protease activity, and the protease domain can influence RNA helicase activity (7, 8, 24, 40) . More recently, a number of genetic studies have implicated the NS3 helicase domain in virus particle assembly (28, 52, 58, 69) . However, the precise role of NS3-4A helicase activity in RNA replication and virus assembly is not yet clear.
At only 54 amino acids, NS4A is the smallest NS protein. It encodes an N-terminal hydrophobic alpha-helix that anchors NS3-4A to cellular membranes, a middle "cofactor" peptide that forms a beta-strand and contributes to proper folding of the NS3 serine protease domain, and a C-terminal acidic region that forms an alpha-helix at low pH (3, 12, 20, 34, 46, 66, 68) . Our prior genetic and biochemical studies have shown that the NS4A C-terminal region contributes to NS3-4A helicase activity and is essential for HCV RNA replication (6, 46) .
In addition to its NS3 cofactor activity, NS4A has additional roles that may be important for the viral life cycle. NS4A expression is needed for NS5A hyperphosphorylation (2, 32, 66) , and NS4A can interact with cellular factors such as creatine kinase B (29) and elongation factor 1A (39) . Overexpression of NS4A in the absence of NS3 inhibits cellular translation (23, 33, 39) and can lead to mitochondrial damage (55, 62) , although it is not yet clear whether NS4A exhibits these NS3-independent functions during the viral life cycle. In addition, it has been noted that the sequence of NS4A covaries with multiple viral genes, suggesting that NS4A may play a central role for multiple processes (13) .
To further understand the role of NS4A in the HCV life cycle, we conducted alanine-scanning mutagenesis of the NS4A C-terminal acidic region in the chimeric genotype 2a infectious cell culture system. Our results confirm that this region contains important RNA replication determinants and reveal that this region has an essential role in the assembly of viral particles. Further analyses demonstrated genetic interac-tions between NS3, NS4A, and NS4B in replication and virus assembly. We therefore investigated how specific mutations affect NS3-4A enzymatic activities but did not observe detectable differences relative to the wild type (WT). These data support a role for NS3-4A in virus particle assembly, perhaps through interaction with other proteins.
MATERIALS AND METHODS
Plasmid constructs. Standard molecular biology methods were used throughout (61) . Plasmids were verified by restriction enzyme digestion and/or DNA sequencing at the W. M. Keck Foundation Biotechnology Resource Center at Yale University.
The plasmids pYSGR-JFH/Neo, pJc1, pJc1/GLuc2A, pJc1/GLuc2A(⌬core), and pJc1/GLuc2A(GNN) were recently described (58) . To construct the pYSGR-JFH/GLuc replicon, a 280-bp fragment from pYSGR-JFH was amplified with the primers YO-0065 (5Ј-TCC CGG GAG AGC CAT AGT GGT-3Ј) and YO-0672 (5Ј-GTT TAA ACG CGG CCG CGA ATT CTA GAT CTG GGC GAC GGT TGG TGT TTC-3Ј). The amplification product was cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA), sequence verified, and subcloned into pYSGR-JFH by using common AgeI and PmeI sites, yielding pYSGR-JFH-INT. A 572-bp fragment of Gaussia princeps luciferase (GLuc), including its endogenous signal peptide, was then subcloned from pCMV-GLuc (New England Biolabs, Ipswich, MA) into pYSGR-JFH-INT by using common BamHI and NotI restriction sites.
Alanine substitutions were introduced into NS4A as follows. First, pRB96 was constructed by subcloning a 3,043-bp Acc65I/BamHI fragment from pJc1 (58) into pSL1180 (GE Healthcare, Buckinghamshire, United Kingdom). Site-directed mutagenesis was then conducted on pRB96 by using the QuikChange strategy with Pfu DNA polymerase (Stratagene, La Jolla, CA), forward primers (listed in Table 1 ), and complementary reverse primers. Reactions were treated with DpnI (New England Biolabs) and used to transform competent DH5␣ bacterial cells. After sequence verification, mutations were subcloned into a derivative of pJc1/GLuc2A (58) by using common SpeI and BamHI sites.
To construct pLenti/core-NS2, the Jc1 core through NS2 region was amplified as a 3,177-bp fragment with KlenTaqLA (DNA Polymerase Technology, Inc., St. Louis, MO) and the primers YO-0353 (5Ј-TCT AGA GCC ACC ATG AGC ACA AAT CCT AAA CCT C-3Ј) and YO-0354 (5Ј-CTC GAG TGT ACA TTA AAG GAG CTT CCA CCC CTT G-3Ј). The amplified product was cloned into pCR2.1-TOPO (Invitrogen), sequenced, and subcloned into pLenti4/MCS by using compatible XbaI and XhoI sites. pLenti4/MCS was made by annealing oligonucleotides YO-0183 (5Ј-GAT CCA CTA GTC TGC AGT CCG GAC-3Ј)  and YO-0184 (5Ј-CAC TAG TCT GCA GTC CGG ACT CGA-3Ј) and ligating them into pLenti4/EGFP (Invitrogen) cut with BamHI and XhoI.
To prepare purified NS3-4A protein, WT and mutant NS3-4A genes were amplified by PCR and cloned into the pET-SUMO vector (Invitrogen) according to the manufacturer's suggestions.
Cell culture and RNA transfection. All cell culture work was performed in an enhanced biosafety level 2ϩ suite licensed by the State of Connecticut Department of Public Health. Huh-7.5 cells (10) were maintained in Dulbecco modified Eagle medium (Invitrogen) containing 10% fetal calf serum (HyClone, Logan, UT) and 1 mM nonessential amino acids (Invitrogen). Cells were transfected with HCV RNA transcripts by electroporation, as previously described (45) or by using the TransIT-mRNA transfection kit (Mirus Bio, Madison, WI).
Huh-7.5[core-NS2] cells, which expressed the Jc1 structural proteins (core, E1, and E2), and p7 and NS2 proteins, were derived by lentivirus transduction. Briefly, the pLenti/core-NS2 lentivirus vector was packaged in 293T cells by using the ViraPower packaging system (Invitrogen) and used to transduce Huh-7.5 cells. Stable core-NS2-expressing cells were selected and maintained by using standard growth medium containing 100 g of zeocin (InvivoGen, San Diego, CA)/ml.
GLuc2A activity. Conditioned cell culture medium was collected at various times postelectroporation or at 72 h postinfection, clarified by centrifugation (16,000 ϫ g for 5 min), and mixed with 1/4 volume of Renilla 5ϫ lysis buffer (Promega, Madison, WI) to kill HCV infectivity. GLuc2A activity was measured on a Berthold Centro LB 960 luminescent plate reader with 20-l sample injected with 50 l of Gaussia luciferase assay reagent (New England Biolabs), integrated over 10 s.
Replication and infectivity measurements. To measure the relative replication of GLuc2A reporter viruses, conditioned cell culture media were collected at various times postelectroporation, clarified by centrifugation (16,000 ϫ g for 5 min), and stored at Ϫ80°C. To measure relative infectivity, the supernatants were used to infect naive Huh-7.5 cells seeded at 6.4 ϫ 10 3 cells/well in 96-well plates. After a 6-to 24-h adsorption period, cells were washed three times with Dulbecco phosphate-buffered saline (PBS) and incubated with complete medium for an additional 48 h. Cell culture media were collected, clarified, and assayed as described above.
To measure the relative intracellular infectivity of GLuc2A reporter viruses, cells were harvested by trypsinization at 48 h posttransfection, centrifuged (1,200 ϫ g, 5 min), resuspended in a small volume of complete medium, snapfrozen in liquid nitrogen, and stored at Ϫ80°C. Cells were subjected to three rounds of thawing (37°C) and refreezing (Ϫ196°C) in liquid nitrogen. Cellular debris was removed by centrifugation (16,000 ϫ g, 5 min), and the supernatants were tested for infectivity as described above.
Colony formation assays were used to measure the replication or infectivity of trans-packaged HCV replicons that express the Neo gene. To measure replication, RNA-transfected Huh-7.5 cells were seeded onto 10-cm dishes. Selection of replicon-containing colonies was performed 3 days postelectroporation by the addition of complete medium supplemented with 1 mg of G418/ml. Selection was carried out for a period of 3 weeks by replacing the G418-containing medium every 3 days. After selection, cells were fixed with 7% formaldehyde and stained with 1% crystal violet in 20% ethanol. G418-resistant colonies were counted and used to calculate transduction efficiencies in units of CFU per microgram of input RNA. To measure the infectivities of trans-packaged replicons, conditioned cell culture media were collected at 48 h postelectroporation from RNAtransfected Huh-7.5[core-NS2] cells, cellular debris was removed by centrifugation (16,000 ϫ g, 5 min), and supernatants were used to infect naive Huh-7.5 cells previously seeded at 5.1 ϫ 10 5 cells in 10-cm dishes. Selection with G418 was performed as described above.
RNA quantitation. RNA was extracted from conditioned cell culture media by using the QIAamp viral RNA minikit (Qiagen, Valencia, CA). HCV RNA levels were measured by real-time quantitative reverse transcription (qRT-PCR) as previously described (45 Identification of suppressor mutations. To select for subgenomic variants that had regained replication or infectivity, G418-resistant colonies were treated with trypsin in glass cloning cylinders and expanded in G418-containing medium. Total RNA was extracted by using TRIzol (Invitrogen) according to the manu- facturer's instructions and resuspended in 100 l of 1 mM sodium citrate (pH 6.4). cDNAs were synthesized by using random hexamers, Superscript III (Invitrogen), and SUPERase-In (Ambion, Austin, TX) at 55°C for 1 h, followed by 99°C for 5 min, and cooled at 4°C. The pYSGR-JFH/GLuc coding regions were amplified by using HCV-specific primers (58) and illustra PuReTaq ReadyTo-Go PCR beads (GE Healthcare). PCR products were purified by using QIAquick PCR spin columns and sequenced at the Keck Center. PCRs containing mutations of interest were cloned by using pCR2.1-TOPO (Invitrogen), their sequences were verified, and mutations of interest were subcloned back into pYSGR-JFH, pYSGR-JFH/GLuc, or pJc1/GLuc2A by using common restriction sites.
HCV polyprotein expression. Huh-7.5 cells were seeded at 5 ϫ 10 5 /well into six-well plates the day before use. Cells were infected for 1 h at a multiplicity of infection of 10 with vTF7-3 (25) and transfected with pJc1/GLuc2A derivatives by using Mirus LT1 reagent according to the manufacturer's recommendations. Triton X-100, 300 mM NaCl) and treated with His 6 -SUMO protease overnight at 4°C. The digested elution was batchbound a second time with 5-ml Ni-NTA beads, and the flowthrough was collected and buffer exchanged three times with buffer C on a 50-kDa cutoff Amicon centrifugal ultrafiltration unit (Millipore). Protein preparations were divided into 10-l aliquots, flash frozen in liquid nitrogen, and stored at Ϫ80°C.
Protease assays were performed as previously described (7). Briefly, 60-l reaction mixtures contained 40 nM NS3-4A, 5 M RET-S1 substrate, and assay buffer (25 mM morpholinepropanesulfonic acid [MOPS]-NH 4 ϩ [pH 6.5], 1% [vol/vol] glycerol, 2 mM DTT, 30 mM NaCl, 0.2% [vol/vol] Triton X-100) containing 3 mM MgCl 2 . Fluorescence readings (excitation, 350 nm; emission, 500 nm) were collected at 37°C in a temperature-controlled cuvette on a Cary Eclipse spectrophotometer (Varian, Inc., Palo Alto, CA). Steady-state protease rates were calculated during the linear phase of the reactions (10 to 40 s).
RNA unwinding (helicase) assays were performed as previously described (5-7). Briefly, the unwinding substrate used in these assays was RNA2, a 34-bp duplex with a 20-nucleotide (nt) 3Ј overhang. NS3-4A (10 pmol) was preincubated with 1 nM duplex substrate for 1 h at 37°C in 100-l reaction mixtures containing assay buffer and 3 mM MgCl 2 . Helicase reactions were initiated by adding 6 l of the preincubation mixtures to 2 l of ATP-trap mix (25 mM MOPS-NH 4 ϩ [pH 6.5], 3 mM MgCl 2 , 30 mM NaCl, 1 M top-strand oligonucleotide, and 16 mM ATP).
The ATPase activity of the NS3-4A constructs was monitored by using an ATP/NADH linked assay as previously described (14, 48) . Briefly, 90-l reaction mixtures contained 50 nmol of NS3-4A, 20 l of 5ϫ enzyme buffer, 0.75 mM MgCl 2 , and various RNA concentrations in assay buffer. The 5ϫ enzyme buffer contained 1 mM NADH, 100 U of lactic dehydrogenase/ml, 500 U of pyruvate kinase/ml, and 2.5 mM phosphoenolpyruvate in assay buffer. Reactions were allowed to equilibrate to 37°C for 2 min and then initiated by adding 10 l of 10 mM ATP. Fluorescence readings (excitation, 340 nm; emission, 450 nm) were collected in a temperature-controlled cuvette on a Cary Eclipse spectrophotometer (Varian). Initial velocities were calculated from a linear regression of each time course and corrected for background ATP hydrolysis and NADH oxidation. The initial velocities (v 0 ) at various RNA concentrations were plotted and fit to the following Michaelis-Menten equation:
where B is the basal activity of the helicase.
RESULTS
Mutagenesis of NS4A. We conducted a reverse genetic analysis of HCV NS4A in the context of a chimeric genotype 2a cDNA that efficiently replicates and produces high titers of infectious virus in cell culture (45, 59) . To facilitate rapid measurements of viral replication and infectivity, we used a reporter virus, Jc1/GLuc2A, which expresses a secreted luciferase from Gaussia princeps (Fig. 1A) . Previous work established that this reporter virus efficiently replicates and secretes GLuc2A in proportion to virus replication (58) . Furthermore, Jc1/GLuc2A can be used to measure infectious virus production by monitoring the output of secreted GLuc2A activity expressed by infected cells. Importantly, the level of GLuc2A expressed by infected cells is proportional to the amount of input virus, indicating that this is a reliable method to measure relative infectivity levels (58) .
To investigate the role of NS4A in the viral life cycle, we performed alanine scanning mutagenesis on the conserved, acidic C-terminal domain of NS4A. NS4A residues 40 to 46 and residues 48 to 53 were individually mutated to alanine in the context of Jc1/GLuc2A (Fig. 1A) . NS4A residue 47 was not mutated because it is already an alanine; the cysteine at NS4A residue 54 was not mutated because it is required for proper NS4A/B cleavage (4, 35, 37, 42, 65) . Viral replication levels were determined by measuring the amount of luciferase activity secreted into the cell culture media after electroporating Huh-7.5 cells with WT or mutant Jc1/GLuc2A RNA transcripts. As expected, WT Jc1/ GLuc2A showed a time-dependent increase in secreted GLuc2A activity, while Jc1/GLuc2A(GNN), which encodes a catalytically inactive RNA-dependent RNA polymerase, did not express detectable GLuc2A activity (Fig. 1B , compare to "mock" transfected cells). Jc1/GLuc2A(⌬core), which replicates but does not produce infectious particles, expressed lower levels of secreted GLuc2A activity than did the WT, presumably because this genome cannot spread within the culture (58) . A majority of NS4A mutants efficiently replicated, expressing secreted GLuc2A levels that were comparable to Jc1/GLuc2A or Jc1/GLuc2A(⌬core) (Fig. 1B) . The notable exceptions were the NS4A Y45A and F48A mutants, which had undetectable levels of viral replication. These data are consistent with an essential role for these aromatic residues, as observed in our previous analysis of NS4A in genotype 1b replicons (46) .
When assayed for infectious virus production, the NS4A D40A, E42A, V43A, and E46A mutants produced high levels of relative infectivity, similar to WT Jc1/GLuc2A (Fig. 1C) . As expected, Jc1/GLuc2A(GNN), pJc1/GLuc2A(⌬core), and mock-transfected cells did not produce infectious virus. Surprisingly, a majority of NS4A mutants showed severe or lethal defects in infectious virus production. The NS4A K41A, L44A, Y45A, F48A, E50A, M51A, E52A, and E53A mutants did not on January 9, 2018 by guest http://jvi.asm.org/ produce detectable levels of infectious virus, whereas the NS4A D49A mutant showed a severe infectivity phenotype (Fig. 1C) . These data reveal a novel role for the NS4A acidic region in producing virus particles. We hypothesized that NS4A mutants could release virus particles that are not infectious, exhibit a block in releasing virus particles, or fail to assemble virus particles. To determine whether NS4A mutants release virus particles that are not infectious, we used qRT-PCR to measure the total amount of viral RNA released into the cell culture medium, which serves as a marker for virus particle release. As shown in Fig. 1D , WT Jc1/GLuc2A efficiently released HCV RNA into the cell culture medium, while Jc1/GLuc2A(GNN) and Jc1/GLuc2A(⌬core) did not. Notably, NS4A mutants with defects in infectious virus production did not release HCV RNA into the cell culture medium, while NS4A mutants that produced infectious virus released viral RNA levels that were similar to WT Jc1/GLuc2A (Fig. 1D) . Thus, the amount of viral RNA released into the cell culture medium strongly correlated with the amount of relative infectivity released into the cell culture medium, indicating that the noninfectious NS4A mutants do not secrete virus particles.
To determine whether the noninfectious NS4A mutants had defects in virus release or in virus assembly, we examined the relative levels of intracellular infectivity present at 72 h after transfection of Huh-7.5 cells with the panel of NS4A mutants. As shown in Fig. 1E , the levels of intracellular infectivity strongly correlated with the levels of infectivity (Fig. 1C) and RNA (Fig. 1D ) released into the cell culture media. These data indicate that NS4A plays an essential role at an early stage of virus assembly, prior to or at the formation of intracellular infectious particles.
Polyprotein processing of NS4A mutants. Since NS3-4A plays an essential role in HCV polyprotein processing, we considered the possibility that the replication and assembly defects of the NS4A mutants might simply be due to defects in polyprotein processing. We therefore examined the patterns of viral protein expression by the panel of NS4A mutants via Western blot analysis. To overcome differences in protein expression due to the fact that some mutants did not replicate, we used the vaccinia virus T7 RNA polymerase expression system to drive HCV expression in Huh-7.5 cells transfected with the WT or mutant HCV cDNA clones. As shown in Fig.  2 , there were no major differences in the accumulation of core, E2, NS2, NS3, or NS5A by any of the NS4A mutants. It was notable that WT and all NS4A mutants expressed two forms of NS5A: an abundant, slow-migrating form and a less-abundant, fast-migrating form. Additional experiments with WT Jc1 virus confirmed that these are different phosphoforms of NS5A (data not shown), which likely represent hyper-and hypophosphorylated forms of NS5A as described by others (reviewed in reference 30). We were unable to examine the expression of E1, NS4A, NS4B, and NS5B proteins because the antibodies available to us were unreactive against the Jc1 proteins (data not shown). Although we cannot rule out differences in NS4A-B processing, the available evidence suggests that these NS4A mutants do not have gross abnormalities in polyprotein processing, which is consistent with our previous analysis of NS4A in the context of the Con1 replicon (46) .
Selection of NS4A mutants with restored RNA replication. Given the error-prone nature of HCV replication, we tried to identify revertants and second-site suppressors for the two NS4A mutants with defects in replication. To do this, we transfected Huh-7.5 cells with the NS4A Y45A and F48A mutant RNAs, serially passed the transfected cells, and monitored HCV replication by measuring luciferase activity, as described above. However, we did not identify viruses capable of replication even after several cell passages. We therefore modified our selection strategy by subcloning the replication-defective NS4A mutations into the subgenomic replicon pYSGR-JFH/ Neo (Fig. 3A) , which expresses the dominant selectable marker Neo. After RNA transfection and selection with G418, three colonies were obtained for the NS4A Y45A mutant, and four colonies were obtained for the NS4A F48A mutant. Colonies were clonally isolated, expanded, and sequenced. All three NS4A Y45A colonies simply reverted back to the WT on January 9, 2018 by guest http://jvi.asm.org/ and were not analyzed further. Only one of the four NS4A F48A colonies was stable and continued to grow upon passage. Sequence analysis of this variant indicated that it retained the NS4A F48A mutation and had acquired a single additional mutation, NS4B I7F. To determine whether this second-site mutation could suppress the NS4A F48A replication defect, we reconstructed the double mutant in YSGR-JFH/Neo and in the context of YSGR-JFH/GLuc, a subgenomic replicon that expresses the secreted Gaussia luciferase (Fig. 3B ). As shown in Fig. 3C , NS4B I7F was able to partially restore stable replication and Neo expression of the NS4A F48A mutant. Similarly, the NS4B I7F partially restored transient replication and GLuc expression of the NS4A F48A mutant (Fig. 3D) . It was notable that YSGR-JFH/GLuc expressed high levels of GLuc activity at early times posttransfection and was independent of viral replication, which is consistent with translation from the input RNA. This early expression from input RNA was not seen with Jc1/GLuc2A (Fig. 1) , which could reflect the interference of HCV translation by the viral structural genes (11, 56, 67, 70) . Since the NS4A F48A replication defect was initially identified in Jc1/GLuc2A, we tested whether the NS4B I7F suppressor could restore replication of a full-length HCV genome. Surprisingly, the NS4B mutation only modestly improved the replication of Jc1/GLuc2A NS4A F48A (Fig. 4A ) and did not detectably restore virus assembly (Fig. 4B) . Thus, the NS4B I7F mutation could only partially restore the replication defect of the NS4A F48A mutant.
Selection of NS4A mutants with restored virus assembly. As above, we tried to select for NS4A assembly-defective variants that could spread in culture by serially passaging transfected cells and assaying the conditioned media for viral infectivity. However, no virus-producing variants arose even after several cell passages. We therefore modified our selection strategy, again by subcloning the NS4A K41A, L44A, D49A, E50A, M51A, E52A, and E53A mutations into the context of YSGR-JFH/Neo. Our strategy was to transfect these constructs into Huh-7.5[core-NS2] cells that stably express the Jc1 core-NS2 genes, serially passage the transfected cells, and identify variant subgenomes that could overcome the block in virus assembly as infectious, trans-packaged Neo-transducing particles (Fig. 5A) . The benefits of this approach were that it imposed stringent selective pressure limited to a single round of infection and that it simplified the process of biologically cloning positive hits for further analysis. One caveat to this approach is that it limited the range of potential second-site mutations that could overcome defects in virus assembly to the viral NS3-5B genes and noncoding regions.
Huh-7.5[core-NS2] cells efficiently trans-packaged WT HCV subgenomic replicons (Fig. 5B and D) . After serial passage of Huh-7.5[core-NS2] cells transfected with the panel of SGR/ JFH-Neo NS4A mutants and selection for infected cells, only a single G418-resistant colony was obtained for the NS4A K41A mutant. In contrast, WT SGR-JFH/Neo continued to efficiently produce trans-packaged Neo-transducing activity at all cell passages (data not shown). The SGR-JFH/Neo NS4A K41A variant was expanded, sequenced, and found to contain two coding changes: NS3 Q221L and NS4B S230P. To determine whether these changes could suppress the assembly defect of the NS4A K41A mutant, we reconstructed these mutations individually and in combination in the SGR-JFH/Neo replicon. As shown in Fig. 5B , the NS3 Q221L mutation fully restored infectious, stable Neo-transducing activity to the NS4A K41A mutant replicon. In contrast, the NS4B mutation partially restored infectious Neo transducing activity, and when both second-site mutations were combined, an intermediate phenotype was observed. These mutations were similarly tested for transient replication and trans-packaging in the SGR-JFH/GLuc replicon. As expected, all of the NS4A K41A mutants replicated efficiently after RNA transfection into Huh-7.5[core-NS2] cells, although the NS4A K41A, NS4A K41A ϩ NS4B S230P, and NS4A K41A ϩ NS3 Q221L ϩ NS4B S230P mutants produced somewhat lower levels of GLuc2A than the WT or NS4A K41A ϩ NS3 Q221L mutant (Fig. 5C ). Similar to the results obtained with the Neo-expressing replicon, the NS3 Q221L mutation fully restored transpackaging of the NS4A K41A mutant, whereas NS4B S230P only slightly restored infectious particle production, and the combination of both second-site suppressors gave an intermediate phenotype (Fig. 5B) . These data show that the NS3 Q221L and NS4B S230P mutations could suppress the defect of NS4A K41A in assembling infectious, trans-packaged replicon particles.
To examine whether NS3 Q221L and NS4B S230P could suppress the assembly defect of the NS4A K41A mutant in a cis-packaging full-length genome, we introduced these mutations alone or in combination into the Jc1/GLuc2A reporter virus. As seen above, WT Jc1/GLuc2A and the NS4A K41A ϩ NS3 Q221L double mutant replicated to similar levels, whereas Jc1/GLuc2A ⌬core and the NS4A K41A single mutant did not on January 9, 2018 by guest http://jvi.asm.org/ reach the same peak of GLuc2A expression at late time points, which is consistent with their inability to spread. It was notable that both the NS4A K41A ϩ NS4B S230P double mutant and the NS4A K41A ϩ NS3 Q221L ϩ NS4B S230P triple mutant exhibited delayed replication kinetics (Fig. 6A) . When tested for infectious virus production, the NS3 Q221L mutation fully suppressed the virus assembly defect of the NS4A K41A mutant, yielding relative infectivity measurements similar to WT (Fig. 6B) . In contrast, NS4B S230P did not significantly suppress the assembly defect in Jc1/GLuc2A NS4A K41A, and the combination of NS4A K41A ϩ NS3 Q221L ϩ NS4B S230P showed only a very modest increase in virus production. Taken together, these data show that the NS3 Q221L mutation suppresses the defect in virus particle assembly caused by the NS4A K41A mutation.
We did not obtain second-site suppressors of other NS4A mutants using the strategy illustrated in Fig. 5A . We therefore examined whether NS3 Q221L could suppress the virus assembly defects of the NS4A L44A, Y45A, F48A, E50A, M51A, E52A, and E53A mutants in the Jc1/GLuc2A genetic background. The NS3 Q221L mutation did not enhance virus production in these mutants (data not shown), indicating that it does not act as a general suppressor for NS4A defects in virus assembly.
Biochemical activities of NS3-4A mutants. We previously showed that the C-terminal acidic region of NS4A contributes to the RNA-stimulated ATPase activity of NS3-4A (6) . Furthermore, we recently found that the NS3 Q221L mutation, which also suppressed specific NS2 defects in virus assembly, reduced the functional affinity of RNA binding (i.e., the amount of RNA needed to stimulate ATPase activity) by NS3-4A (58). We therefore examined the enzymatic properties of purified, recombinant NS3-4A with or without the NS4A K41A mutation and the NS3 Q221L suppressor.
Protease activities were assayed by using a fluorescent resonance energy transfer substrate (RET-S1) peptide (64) . As shown in Fig. 7A and Table 2 , WT and mutant forms of NS3-4A had similar serine protease activities and cleaved nearly all of the substrate within 3 min. We next examined RNA helicase activities under single-cycle conditions by using a model 34-bp RNA substrate (6, 17) . Although the extent of RNA unwinding was slightly reduced for the mutants compared to WT NS3-4A, the rates of unwinding were similar (Fig.  7B and Table 2 ). Thus, the NS4A K41A, NS3 Q221L, and NS4A K41A ϩ NS3 Q221L mutations had minimal effects on NS3-4A RNA protease and RNA helicase activities.
We examined the RNA-stimulated ATPase activity of WT and mutant forms of NS3-4A by using a real-time, coupled ATPase assay (15, 38, 48) . This assay utilizes the highly efficient enzymes pyruvate kinase and lactate dehydrogenase to couple ATP hydrolysis to NADH oxidation, which can be monitored fluorometrically. Note that the coupling enzymes have much faster kinetics than NS3-4A ATPase and were not limiting under our assay conditions. The advantages of this assay included the ability to accurately measure ATPase activity in real-time over a large number of samples without the use of radioactivity. Notably, WT NS3-4A yielded readings similar to those obtained with our previous assay (8, 58) , validating the use of the coupled assay. As shown in Fig.  7C and Table 2 , WT and mutant forms of NS3-4A containing the NS3 Q221L and the NS4A K41A ϩ NS3 Q221L mutations had similar ATPase activities and responses to RNA stimulation. 
DISCUSSION
Our major finding here is that HCV NS4A has dual roles in RNA replication and virus assembly. This conclusion was supported by data demonstrating that genotype 2a full-length genomes and subgenomic replicons containing NS4A Y45A or F48A mutations had severe defects in genome replication, while genomes and replicons containing the NS4A K41A, L44A, F48A, D49A, E50A, M51A, E52A, or E53A mutations replicated but did not assemble virus particles. These data complement and extend our prior genetic analysis of the NS4A C-terminal region with a genotype 1b subgenomic replicon (46) . Specifically, mutation of either conserved aromatic residue Y45 or F48 was lethal for genome replication in both genetic backgrounds. In contrast, other NS4A mutations gave severe replication defects in genotype 1b replicons but had little effect on genotype 2a genomes or replicons. These included the NS4A D40A (previously, D1697A and D1697R), K41A (R1697A, R1697AD), E46A (R1703A, R1703D), D49A (D1706A, D1706R), E50A (E1707A, E1707R), and M51A (M1708A) mutations. Taken together, our parallel genetic studies indicate that NS4A Y45 and F48 are essential for replication in at least two viral isolates, while other NS4A acidic domain residues may be differentially required for genome replication or virus assembly in a virus genotype-or strain-dependent manner.
One clue as to the differential effect of NS4A mutations on genome replication may come from NS4A's effects on NS5A phosphorylation. In our prior study with genotype 1b NS4A mutants, defects in genome replication strongly correlated with defects in NS5A hyperphosphorylation (46) . Furthermore, RNA replication and NS5A hyperphosphorylation could be coordinately restored by second-site suppressor mutations in NS3 (46) . In the present study, genotype 2a NS4A mutants had fewer defects in RNA replication (Fig. 1) and did not exhibit detectable differences in NS5A hyperphosphorylation (Fig. 2) . NS5A phosphorylation plays an important but unknown role in HCV genome replication (reviewed in reference 30). Thus, genotype 2a replication may be less sensitive to changes in NS4A because hyperphosphorylation of NS5A may be less dependent on NS4A in this genetic background.
By using a forward genetic approach, we identified a secondsite mutation, NS4B I7F, as a partial suppressor of the NS4A F48A replication defect. This was interesting, since this suppressor mutation introduced a phenylalanine 13 residues downstream of the original NS4A F48A mutation in the viral polyprotein. This could reflect a requirement to maintain a (19) . NS4B plays an essential role in HCV genome replication by inducing membrane rearrangements and may form a scaffold for replicase assembly (18, 27) . Although the topology of NS4B is not fully understood, the N-terminal region of NS4B can apparently translocate from the cytosol to the ER lumen in a posttranslational manner (51) . This topological shift is inhibited by coexpression of NS5A (50) , suggesting that the N terminus of NS4B interacts with other viral NS proteins. This premise is further supported by genetic studies performed with genotype 1a and 1b replicons, which showed that the N-terminal region of NS4B contains important determinants of RNA replication efficiency and that replication defects caused by changes in this region could be suppressed by second-site mutations in NS3 and NS4A (9, 57) . Intriguingly, we previously identified two of these NS3 mutations-NS3 Q86R (Q1112R in the Con1 polyprotein) and NS3 S343R (S1369R)-as suppressors of replication defects caused by mutations in the NS4A C-terminal acidic domain of genotype 1b replicons (46) . Thus, multiple studies in different genetic backgrounds indicate that genetic interactions between NS3, NS4A, and NS4B contribute to RNA replication. Surprisingly, the majority of NS4A mutations had defects in virus assembly (Fig. 1) , indicating that the NS4A acidic region contributes to this process. Consistent with this idea, we previously identified an NS4A mutation (E42G) that suppressed a defect in virus assembly caused by a mutation in NS2 (58) . To better clarify the role of NS4A in virus assembly, we tried to identify second-site mutations that suppressed these defects. We took advantage of the fact that HCV subgenomes can be packaged in trans (1, 56, 63) to select for trans-packaged replicons containing mutations of interest. This strategy yielded a mutation in NS3 (Q221L) that fully restored assembly of the NS4A K41 mutant in cis and in trans, but did not suppress the assembly defects of other NS4A mutants. Interestingly, we previously identified NS3 Q221L as a suppressor of specific NS2 defects in virus assembly (58) , and Ma et al. identified this as a cell-culture-adaptive mutation that enhanced the production of genotype 1a/2a chimeric virus particles (52) . Thus, NS3 Q221L can suppress multiple virus assembly defects but does not act as a general suppressor of all virus assembly defects, suggesting that this mutation may compensate for a common set of defects within a specific pathway.
We also identified a second-site mutation, NS4B S230P, that partially restored the trans-packaging of this NS4A mutant but did not allow assembly of full-length genomes in cis. Interestingly, this mutation decreased the level of virus assembly when combined with the NS3 Q221L suppressor. This mutation likely perturbs the C-terminal alpha helix of NS4B, a region previously implicated in NS4B membrane association, RNA replication, and virus assembly (9, 26, 31, 57) . Thus, perhaps this mutation shifts the balance between RNA replication versus virus assembly. Consistent with this, Pietschmann et al. recently demonstrated that cell-culture-adaptive mutations that enhance HCV genome replication can antagonize virus assembly (60) .
To understand the molecular basis of how NS3-4A participates in virus assembly, we characterized the enzymatic activities of NS3-4A containing the NS4A K41A mutation with or without the NS3 Q221L suppressor. Only subtle differences were found between the WT and mutant forms of NS3-4A. This was surprising, since we previously found that the NS3 Q221L mutation increased the amount of RNA needed to stimulate NS3-4A ATPase activity (58) . This discrepancy may be attributable to methodological differences between our studies. First, the coupled ATPase assay used here yielded results with lower variance, and the increased throughput of this assay allowed us to measure a wider range of RNA concentrations. Second, NS3-4A was preincubated with RNA for a shorter period of time prior to adding ATP, which may enhance the stability of this protein complex in solution. To summarize, NS4A K41A and NS3 Q221L have only modest effects on the enzymatic properties of NS3-4A.
So how does NS3-4A contribute to virus assembly and why do mutations in these genes cause virus assembly phenotypes? It is notable that NS3 mutations affecting virus assembly map to residues on the surface the RNA helicase domain, distal from residues important for RNA helicase activity (28, 52, 58, 69) . Thus, it seems likely that these mutations affect the interaction of NS3-4A with itself or with other molecules rather than directly modulating helicase activity. In this regard, NS3 is an RNA-binding protein that has coordinated serine protease and RNA helicase activities. Because NS4A stabilizes the serine protease fold and contributes to RNA helicase activity, it likely helps to coordinate intramolecular interactions within NS3 and may contribute to NS3-4A binding to RNA or other proteins. Clearly, an important next step will be to define NS3-4A interaction partners that are relevant for virus assembly.
